Laboratory and field assessments were used to determine whether the construction of culverts affects brown trout (Salmo trutta L.) egg survival through the introduction of elevated sediment levels. In the laboratory, survival was closely related to fine sediment. Survival to hatching was reduced to 28% for eggs incubating in medium fine sediment treatment (20%), and no eggs survived to hatching in high fine sediment (40%). An exposure index was developed to investigate the effect on survival of increased exposure time of eggs to sediment. This index, suggests that exposure time to sediment was negatively related to survival and confirmed the importance of incorporating exposure time in future studies. In the field, no significant difference was detected in egg survival between the control sites (upstream of culverts) and test sites (downstream of culverts), and a similar result was found for total fine sediment. The assessment did highlight that variation in culvert location and design can influence sediment input into rivers, and the exposure index again confirmed that exposure time to sediment is important in the field.
Introduction
Natural processes transport small quantities of fine sediment (fines) into river systems, and anthropogenic activities can markedly increase this load. Motorway construction has been flagged as a large contributor. Vice et al. (1969) attributed 85% of the total sediment load into a river in Virginia, USA, to the construction of a major highway. Later studies have all reported an increase in total suspended solids (TSS) downstream of highway works in the United States (Barton 1977 , Cline et al. 1982 , Luce and Black 1999 and Europe (Extence 1978 , Duck 1985 , Cerdà 2007 . Even with sediment control measures, a several-fold increase in sediments has been recorded (Barrett et al. 1995) . Exposed banks at a construction site can elevate TSS levels, especially during rainfall events (Lane and Sheridan 2002) . All of these studies concluded that sediment levels rose dramatically downstream of construction sites but returned to normal levels following construction and when the banks revegetated; however, during the period of high sediment levels, the adjacent aquatic habitat can be negatively affected.
Increased fines are detrimental to adult fish and eggs. Salmonids will remove sediment (winnowing) from the stream bed prior to spawning (Kondolf et al. 1993 ), but fines may later infiltrate the spawning gravel. Dissolved oxygen (DO) concentrations have been identified as an important factor controlling the survival and development of incubating eggs (Coble 1961 , Ingendahl 2001 , Malcolm et al. 2003 . For successful incubation, DO must be sufficient to diffuse across the egg membrane. Increased fines can significantly reduce the amount of oxygen in redds and result in egg mortality (Conallin 2004 , Greig et al. 2005 , Yamada and Nakamura 2009 spawning gravel can also trap emerging alevins (Phillips et al. 1975, Turnpenny and Williams 1980) . A wide range of field studies have assessed the effect of fines on fish egg survival. These studies have quantified sediment generated from logging activities and associated roads (Slaney et al. 1977 , Cederholm et al. 1981 , natural stream sedimentation (Julien and Bergeron 2006 , O'Connor and Andrew 1998 , Lisle and Lewis 1992 , and sedimentation from agricultural activities (Soulsby et al. 2001 , Conallin 2004 ); yet the effect of motorway construction derived sediment on fish eggs has rarely been assessed. Numerous laboratory experiments have tried to quantify the exact amount of fines that reduce egg survival. Most studies report that the addition of 20-25% fines results in a reduction in egg survival of up to 40% (Table 1) .
In recent years the motorway network has expanded in Ireland with more than 7 new projects completed in the last 5 years. These motorways usually traverse rivers with bridges and small streams with culverts. Culvert construction involves rechannelling a river and working directly on the stream bed and can be more detrimental to stream biota than bridge construction (Wheeler et al. 2005) . Mitigation measures require an understanding of the impacts such works may have on watercourses with particular emphasis on those designated as Special Areas of Conservation (SAC). Under the European Commission Habitats Directive 92/43/EEC, SACs were set up to help preserve important habitats or species listed in the directive. Many of the SACs in Ireland include major rivers such as the lower Shannon, Boyne, Slaney, and the Blackwater. These rivers contain suitable habitats for rare or important freshwater species, including salmonids such as Atlantic salmon (Salmo salar L.) and brown trout (Salmo trutta L.). The protection of salmonid habitats is particularly important in Ireland because the country has 12 of the 13 European wild trout fisheries. Further, the Water Framework Directive WFD2000/60/EC requires all waters to achieve "good ecological and chemical status" by 2015. Under the terms of both directives we need to determine risks and impacts arising from various land-use and other anthropogenic activities including road works.
This study examines how fines affect brown trout egg survival, using both field and laboratory assessments. The objective of the laboratory assessment was to evaluate the relationship between fines and trout egg survival; we hypothesized that survival would be significantly reduced as fines and duration of exposure increased. The objective of the field assessment was to investigate the effect of fines, generated by earthworks associated with culvert construction, on fish eggs; we hypothesized that survival would be lower downstream of culverts due to elevated sediment levels from the exposed sediment banks surrounding the culvert.
Material and methods

Laboratory assessment
Artificial channels were created using 1.5 m long plastic window boxes (Fig. 1) . Each channel was filled with 15 L of water taken from a river with healthy populations of spawning salmonids; the water had a low nutrient content, high DO, and overall ionic chemistry similar to rivers in the field observations. An aquarium pump was used in each channel to maintain continuous flow. Artificial redds were constructed using modified Vibert boxes (Vibert 1954) . To ensure the eggs would not be washed away or that hatched alevins would not escape, 2 mm mesh was placed inside the box. Each box was filled with gravel (30-60 mm diameter) from the Lismullin River, which has healthy salmonid populations and flows through the M3 motorway scheme. Sediment was collected from an exposed earth bank on the M3 motorway, sieved, and fine sediment was retained. Studies assessing the impact of fine sediment on fish eggs report fines as either <2 mm (Lisle 1989 , Soulsby et al. 2001 , Suttle et al. 2004 , Greig et al. 2005 or <0.85 mm (Harshbarger and Porter 1982, Tappel and Bjornn 1983 , Garrett and Bennett 1996 , Argent and Flebbe 1999 . Young et al. (1991) highlighted this inconsistency and after a review concluded that the <0.85 mm fraction was potentially the most damaging; therefore in this study, fines were classified as sediment <0.85 mm. Green eggs (freshly fertilized eggs that have just been water hardened) of hatchery origin were collected from a local fish farm, and 30 were placed into each box. In total, 36 channels were constructed, each containing 5 Vibert boxes surrounded by gravel (30 mm in diameter) so that the fish eggs were buried to a depth of 100 mm. The eggs were exposed to 1 of 4 fine sediment treatments: high (40%), medium (20%), low (10%), and a control (0%); 9 channels were used for each treatment.
During the experiment, channels were covered with foil to prevent evaporation and allow eggs to incubate in the dark. Daily measurements of DO were made in the vicinity of the Vibert boxes along with pH and temperature; channels were periodically topped up with fresh water. During the experiment, DO in the experimental channels was >9 mg L −1 O2. Temperature was maintained between 8 and 11 °C during the day, and pH varied between 7 and 8. The flow velocity in the channel ranged from 0.207 to 0.427 m s −1 , which is within the range considered suitable in brown trout spawning habitats (Armstrong et al. 2003) .
One Vibert box was collected from the 9 replicate channels of each treatment weekly until hatching. The number of live eggs was counted and the percent survival calculated. To ensure the eggs were incubating in the intended treatment, fines from each retrieved box were dried and reweighed. If the level had decreased below the intended level, more sediment was added to the remaining boxes in these channels. The lengths (mm) and wet weights (g) of hatched alevins were also measured.
Field assessment
Site description: Construction of the M3 motorway commenced in April 2007 and was completed in June 2010. Installation of concrete box culverts began in 2008, and during the field assessment the banks consisted of exposed soil that had not revegetated. Three rivers that had undergone recent culverting were selected: Carnaross Stream (tributary of the Blackwater River), Skane River, and Lismullin River (tributaries of the Boyne River; Fig. 2 ). Both the Boyne and Blackwater rivers are designated as a candidate Special Area of Conservation (cSAC). The Boyne and its tributaries are one of Ireland's premier game fisheries and support healthy populations of salmonids (NPWS 2006) . The 3 rivers in this study are tributaries of the Boyne-Blackwater cSAC but are not included as a cSAC; however, they all include important salmonid spawning habitat. Each river had numerous culverts; therefore, to avoid any cumulative effects, the first culvert in the river was chosen for investigation. Two locations on each river were selected: a site upstream (u/s) of all construction activities, which acted as the reference, and a site <3 m downstream (d/s) of a culvert ( Table 2 ). The close proximity of other culverts farther downstream of the test sites and/or the larger Boyne and Blackwater rivers negated examining egg survival at variable distances downstream from the culverts.
Planting of Eggs: Vibert boxes identical to those used in the laboratory assessment were filled with 30-60 mm diameter gravel collected from the Lismullin River. Green and eyed brown trout eggs were collected from the same hatchery as the laboratory experiment. Eyed eggs have been allowed to develop for about 2 weeks until black eye spots are clearly visible. Twenty-five green or eyed eggs were placed in each Vibert box among the gravel. At each site, five 450 mm steel poles were hammered into the river bed in run-riffle areas considered suitable for fish spawning. A 100 mm deep hole was excavated around each pole, which is about the depth a trout would excavate before laying eggs and the same depth used in the laboratory experiment. On 16 December 2009, 3 boxes of green eggs were attached to each pole, totalling 15 boxes in each site. The boxes were then covered with cobbles and the eggs were left to incubate. When the green eggs started to eye, a second planting with eyed eggs was conducted on the 19 January 2010 using the same sites and methods. The total incubation time to hatching for green and eyed eggs was 57 and 51 days, respectively.
Collection of eggs: On 28 January and 11 February, 5 Vibert boxes (one from each pole) containing green eggs were lifted from each site. Five Vibert boxes containing eyed eggs were then lifted on 28 January, 11 and 23 February, and 11 March. On each collection date, the number of live eggs in each Vibert box was recorded. In the laboratory experiment, no eggs or alevins escaped from the 2 mm mesh size; therefore, it is reasonable to conclude that any eggs missing from a box in the field had disintegrated and therefore counted as mortality. Sediment accumulated in the boxes was retained for sieve analysis, dried at 60 °C, and then sieved into the following size classes: >4, 2, 0.85, 0.50, 0.25, 0.063, and <0.063 mm. The infiltrated sediment was expressed as a percent of the total mass of substrate material in each Vibert box.
Statistical analysis Laboratory assessment
To test the effect of the various sediment treatments on egg survival, a 2-factor ANOVA was conducted with sediment treatment and time as factors. The analysis was carried out using Euclidean distance and 4999 permutations in the Primer 6 and Permanova statistical package (Clarke and Gorley 2006 ). The data were tested for homogeneity of variance using Levene's test, and if this was significant the data were log(x+1) transformed. If this did not achieve homogeneity then a more stringent level of significance was employed (P < 0.01) to reduce the chance of Type 1 error. If the number of permutations was low due to a low number of observations (<100), the Monte Carlo P-value, P(MC), was read (Anderson et al. 2008) . When a significant result was identified, a post-hoc analysis was conducted using pair-wise t-tests for each significant factor or for interacting factors.
To evaluate exposure time to sediment, an exposure index was calculated after Newcombe and Macdonald (1991) . To calculate the index, each sediment treatment was assigned a number: 1 = control, 2 = low, 4 = medium, and 6 = high. These values were multiplied by the number of days the eggs were exposed to that treatment to yield the exposure index, which was then correlated with percent survival of eggs exposed to that sediment amount using SPSS statistical package (version 17.0). All significant correlations are at P < 0.01 unless otherwise stated. 
Field assessment
For each egg type, differences in the percent survival between the reference (referred to as the control) and d/s locations were analysed using a 3-factor nested ANOVA with time, location (u/s or d/s), and site as factors. The factor location was nested within site. The analysis was conducted using the same criteria stated above. Differences in percent fines accumulated at the control and d/s locations were also analysed using this method.
The possible impact of fines on fish egg survival was also investigated. First, we examined whether a relationship between egg survival and fines could be established; this was conducted using Spearman correlation in SPSS statistical package (version 17.0) by correlating total fines with survival regardless of factors such as time. If a significant correlation was found, we investigated which fine sediment size class contributed to the correlation (0.85, 0.50, 0.25, 0.063, or <0.063 mm) and if sediment collected on a particular date contributed to the significance values. To evaluate exposure time to sediment in the field, the exposure index was applied as described above. The index was then correlated with percent survival of eggs exposed to particular sediment amounts.
Results
Laboratory assessment
Eggs in control, low, and medium sediment treatments reached the eyed stage in week 3 and hatched after 5 weeks. In the controls, 83% of eggs survived to hatching, but only 43% and 28% survived to hatching in the low and medium treatments, respectively. No eggs in the high sediment treatment survived, although some did reach the eyed stage (Fig. 3) .
Analysis showed a significant interaction between time and sediment treatment (ANOVA, P < 0.01; Table 3 ). The post-hoc analysis showed that in week 1, survival was significantly lower in the high treatment compared to the control. In week 2, eggs in the medium treatment had a lower survival than eggs in the control as well as eggs in the high treatment. In week 3, survival of the eggs in the low treatment decreased significantly (pair-wise, t = 2.98, 6.27, 9.82, and 3.62 respectively, P(MC) < 0.01), and eggs incubating in high and medium fine sediment continued to have a lower survival compared to the control (pair-wise, t = 11.76 and t = 6.72 respectively, P(MC) < 0.01). The results indicated that eggs incubating in the high sediment treatment were immediately affected, but it took 3 weeks for the eggs in low sediment to negatively respond. The calculated exposure index showed a strong negative correlation with survival (rs = −0.9; Fig. 4 ), confirming that as exposure to fine sediment increased, egg survival decreased.
No significant differences in alevin weight and length were detected between the low and medium sediment treatments compared to the control.
Field assessment
Across all sites, green egg survival to hatching ranged from 0 to 15%, and survival generally decreased as incubating time increased in both control and d/s locations (Fig. 5) . Location was not a significant factor for green egg survival (Table 4 ): d/s sites did not have a reduced survival rate (ANOVA, P > 0.05). There was, however, a significant interaction between time and site (ANOVA, P < 0.05). Post-hoc analysis for the interacting factors showed that the control and d/s locations at Site 1 had a higher survival rate than other sites toward the beginning of the assessment (pair-wise, P(MC) < 0.05). By the last retrieval date, survival across all sites and locations were similar (Table 5) .
Fines at the study sites ranged from 1 to 55%. The locations d/s of the culverts did not accumulate more fines than the controls (ANOVA, P > 0.05; Table 6 ). Some sites accumulated more fines than others (ANOVA, P < 0.05), with the control and d/s locations in Site 1 having significantly lower fines than the other sites (pair-wise, P(MC) < 0.05). The low sediment levels in Site 1 are perhaps attributed to the higher survival rate toward the beginning of the study; there was a weak negative correlation between green egg survival and total fines (rs= −0.3, P < 0.05), but there was also considerable scatter in the data due to the interaction between time and site. The 0.85, 0.50, and 0.25 mm sediment size classes were negatively correlated with survival (rs= −0.3, −0.4, −0.4 respectively). The correlation was strongest on the last 2 retrieval dates (rs= −0.6 and −0.5 respectively). The highest survival rates were recorded for eyed eggs with survival to hatching ranging from 32 to 61%, and survival generally declined as exposure time increased (Fig. 6) . Location was not significant for eyed egg survival, but time was (ANOVA, P < 0.05; Table 7 ). Survival was significantly higher on the first retrieval date compared to the second, third, and final retrieval dates (pair-wise, P < 0.05). The total fines collected in Vibert boxes incubating eyed eggs ranged from 1 to 69%, similar to the fine sediment collected in boxes incubating green eggs (1 to 55%). There was no significant difference in fines accumulation between control and d/s locations; however, similar to the finding for green eggs, site was a significant factor (ANOVA, P < 0.01). The control location in Site 2 stood out, having significantly more fines than both Sites 1 and 3 (pair wise, t = 7.2, 9.7 respectively, P(MC) < 0.01), while all the d/s sites had similar fines (Fig. 7) . A weak significant negative correlation between eyed egg survival and total fines was also detected (rs = −0.4), but no correlation was found between survival and the various sediment fractions. There was a significant negative correlation between survival and the exposure index (rs = −0.7, P < 0.05; Fig. 8 ), indicating that as exposure to fines increases in the field, the survival of trout eggs decreases. Evaluation of the effects of fine sediment inputs from stream culverts on brown trout egg survival Inland Waters (2012) 2, pp. 47-58 Table 4 . ANOVA main test and pair-wise t-test results for the percent survival of green eggs. Pair-wise test was conducted for the significant interaction between time and site. The level of significance was set at P < 0.05. Significant results are indicated with asterisks: * is P <0.05, ** is P <0.01, and *** is P <0.001; ns = not significant; df is degrees of freedom; SS is sum of squares; MS is mean square; and t is the statistic generated by the pair-wise t-test. Table 5 . ANOVA main test and pair-wise t-test results for the percent total fines collected in Vibert boxes incubating green eggs. Pair-wise test was conducted for the significant factor, site. The level of significance was set at P < 0.05. Significant results are indicated with asterisks: * is P <0.05, ** is P <0.01, and *** is P <0.001; ns = not significant; df is degrees of freedom; SS is sum of squares; MS is mean square; and t is the statistic generated by the pair-wise t-test. 
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Discussion
The laboratory experiment allowed us to target the level of fines that impacts survival while controlling for other factors that cannot be controlled in the field, in particular water chemistry and temperature. The results clearly indicated that fines (<0.85 mm) reduces egg survival; incubation in the low and medium fines treatment resulted in 43 and 80% reduction in survival to hatching, respectively, and incubation in high fines resulted in 100% mortality. In the high treatment, survival was reduced by 30% within a week and by 90% the following week, indicating an effect of exposure time. This finding was corroborated by the strong significant correlation between the exposure index and survival. The results of the laboratory assessment also indicated that exposure to even low level of fines (10%) for 3 weeks can impact survival. Contrary to the findings of Argent and Flebbe (1999) who concluded that brook trout experienced a decline in fry weight as the proportion of fines increased, no such differences were detected in this study. Reiser and White (1988) also could not demonstrate a relationship between the size and composition of sediments and the weight and length of fry. The survival of green and eyed eggs in the field was not reduced downstream of culverts and, in general, green eggs had a low survival rate (0-15%) compared to eyed eggs (32-61%). Under favourable environmental conditions, survival of salmonids to hatching can be as high as 84% for green eggs (Donaghy and Verspoor 2000) . In a study using the same artificial redds in Ireland, Kelly-Quinn et al. (1993) reported 75% survival of green eggs. Reiser and White (1988) and Argent and Flebbe (1999) reported survival rates of 60 and 55%, respectively, Table 6 . ANOVA main test and pair-wise test results for the percent survival of eyed eggs. Pair-wise t-test was conducted for the significant factor, time. The level of significance was set at P < 0.01. Significant results are indicated with asterisks: * is P <0.05, ** is P <0.01, and *** is P <0.001; ns = not significant; df is degrees of freedom; SS is sum of squares; MS is mean square; and t is the statistic generated by the pair-wise t-test. for green eggs planted in Vibert boxes with low infiltration of fines (5%). By comparison, survival rates at the control sites were lower than expected, possibly affected by unseasonably cold (<2 °C for several weeks) and prolonged winter conditions. Eyed eggs that were planted later were also incubating in low temperatures (1-3 °C) but for a shorter period and may have been robust enough to withstand these temperatures. Optimal temperature range for incubating trout eggs is around 8-10 °C (Ojanguren and Braña 2003) , and a minimum temperature of 0 °C has been suggested by Elliot (1981) . Downstream locations did not accumulate significantly more fines, an unexpected outcome. Sediment accumulation instead was variable between sites, with some control locations accumulating the highest fines. The ANOVA analysis confirmed that site was a significant factor, and this made it difficult to relate any impacts to culverts. Further field observations indicated that despite using certain site selection criteria, sediment deposition at each site was different. Site 2 is one example; Vibert boxes at the control location accumulated more sediment than downstream. Visual inspection showed a large area of sediment deposition directly upstream of the culvert due to diversion of the flow. The culvert was in effect acting as a filter trap, preventing the majority of sediment from travelling farther downstream and altering upstream sediment deposition patterns, a common effect of culverts (Jackson 2003) . Eggs incubating downstream had a higher survival rate than the control because sediment levels were lower downstream. The other culverts did not seem to influence the upstream deposition of sediment; however, the height of the exposed banks and rainfall events also influenced sediment input in this study.
Main
Site 3 had the highest exposed earth banks (9 m), and Vibert boxes incubating green eggs accumulated the highest levels of fines downstream. Unexpectedly, however, this trend did not continue for boxes with eyed eggs. The green eggs were subject to a number of heavy rainfall events and snow melt that washed exposed sediment directly into the river, while the eyed eggs were incubated during a period of relatively low rainfall with a low risk of sediment input. Site 1 recorded the lowest fines for both egg types. The culvert at this site had a small exposed sediment bank (2-3 m) and no apparent additional sediment deposition downstream of the culvert. The variation in the height of exposed banks and hydrological influence of culverts contributed to the lack of downstream effect on survival and sediment accumulation when all sites were considered together. When factors such as site and location were not considered, survival did negatively correlate with fine sediment, and exposure time also influenced survival in the field. O'Connor and Andrew (1998) failed to establish a relationship between fines and survival in wild conditions, and variable results were attributed to alterations in microhabitat parameters, but they did find a close relationship in the laboratory.
The lethal effect of sediment on fish eggs has been extensively studied. One of the earliest experiments was published by Harrison (1923; cited in Cordone and Kelly 1961) . However, despite numerous studies and an almost unanimous agreement that sediment does affect fish egg survival, exposure time to infiltrating sediment has not been adequately considered. From a broad search of the literature, no experimental studies considered exposure time of fish eggs to sediment as Newcombe and MacDonald (1991) recommended. Acornley and Sear (1999) calculated that fine sediment levels would return to values equivalent to undisturbed gravels within 25 days after a storm. Compared with the results of the laboratory experiment, this would be sufficient time to reduce egg survival by 40% with just a low level of fines infiltration. This study has confirmed that fines <0.85 mm can impact brown trout egg survival, and that exposure time must also be considered in future field and laboratory studies. Exposed sediment banks from culvert construction represent a potential continuous supply of sediment into the river system until revegetated. Each storm event will further increase the amount of sediment input into a river, thus increasing the exposure time of eggs to that sediment. Height of exposed banks can determine the level sediment input, and the hydrological influence of culverts must also be considered in future studies.
